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a b s t r a c t
Hematite nanoparticles (a-Fe2O3) are successfully decorated on the reduced graphene oxide (rGO) sheets
through a simple, one-step, hydrothermal method without addition of other reducing agents. The aFe2O 3/rGO hybrid was characterized by scanning electron micrographs, X-ray diffraction, X-ray photoelectron spectroscopy, and Raman spectroscopy. This a-Fe2O 3/rGO hybrid has been successfully applied
in the catalytic performance toward the reduction of H 2 O 2 . The nonenzymatic sensor demonstrates a
linear relationship over a wide concentration range of 5.0–4495.0 µM (R = 0.9998), a low detection limit of
1.0 µM, and a high sensitivity of 126.9 µA cm−2 mM−1 to the detection of H2 O 2.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The sensitive detection of H2O2 is important for its wide application in clinical, biopharmaceutical, and industrial procedures.
Au [1], Ag [2], Pt [3], and other metals have been applied in
non-enzyme electrochemical sensors because of their high electrocatalytic activities. Numerous biosensors and nanodevices have
been fabricated based on Au, Ag, and Pt nanoparticles. However, a
large number of low-cost sensors are required. Thus, exploring an
efﬁcient method of fabricating non-precious metal or metal-oxide
sensors with high sensitivity and stability is of signiﬁcant interest.
Fe2O3, an abundant, low-cost, and nontoxic metal oxide, is considered as one of the most promising candidate sensor materials
[4,5]. Sun et al. [6] reported a novel biosensor fabricated by aFe2O3 nanorod arrays for H2O2 detection. Xu et al. [7] reported the
synthesis of nanoporous a-Fe2O3/CoO composites by a dealloying
method for use in H2O2 detection. However, a-Fe2O3 suffers from
a number of disadvantages, such as its relatively low conductivity
and low electron transfer rate, both of which could signiﬁcantly
reduce its activity. An alternative strategy for preparing a-Fe2O3
is the use of conducting supports. Graphene has recently received
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signiﬁcant attention as an ideal support material for a-Fe2O3 because
of its large surface area and high electrical conductivity. Wu et al. [8]
reported that the photocatalytic water oxidation activ- ity of a-Fe2O3
is signiﬁcantly increased by incorporating hematite on the reduced
graphene oxide (rGO). Oh et al. [9] reported
a novel
graphene/nanotube/Fe2O3 3D hierarchical structure as an anode
material in lithium-ion batteries. Graphene sheets allow efﬁ- cient
charge transfer and promote signiﬁcantly speciﬁc capacities.
Nevertheless, developing a facile method for preparing graphenesupported a-Fe2O3 by integrating the advantages of both graphene
and nanoparticles remains a considerable challenge.
In this work, we report a facile one-pot hydrothermal method
for synthesizing an a-Fe2O3-decorated rGO (a-Fe2O3/rGO) hybrid
without addition of other reducing agents. The fabrication process
is illustrated in Scheme 1. First, Fe2+ ions were readily coordinated
with negatively charged oxygen-containing functional groups on
the GO sheets. Followed by the hydrothermal process, Fe2+ was
oxidized into Fe3+ by the oxygen-containing functional groups on
the GO surface [10]. Through hydrolysis of the Fe3+ ions, the
resultant a-Fe2O3 nanoparticles were directly grown on the rGO
sheets (in situ reduced from GO). This synthesis mechanism is
similar to the previously reported formation of nanoparticlesdecorated rGO sheets [11,12]. The as-prepared a-Fe2O3/rGO hybrid
exhibits superparamagnetic behaviors, which allow easy handling
of the materials using an external magnetic ﬁeld (Scheme 1). The
direct incorporation of a-Fe2O3 on rGO substrates provides good
electrical contact between a-Fe2O3 and rGO and affords an
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Scheme 1. Illustration of the synthetic route of a-Fe2O3/rGO hybrid and the photographic images of GO and a-Fe2O3/rGO (in the absence and presence of external magnetic
ﬁeld).

efﬁcient pathway for charge transfer. Thus, the as-prepared aFe2O3/rGO hybrid exhibits signiﬁcantly enhanced electrocatalytic
performance in H2O2 reduction and may be successfully applied in
H2O2 detection.

2. Experimental
2.1. Synthesis of ˛-Fe2O3/rGO nanocomposite
Graphene oxide (GO) was synthesized by the modiﬁed Hummers method [13]. Brieﬂy, 2 g of graphite powder and 1.25 g NaNO3
were added to 60 mL of concentrated H2SO4 (0 ◦C). 7.5 g of KMnO4
was added gradually with stirring and cooling to maintain the mixture below 20 ◦C. The mixture then stirred at 35 ◦C for 30 min.
120 mL of distilled water was slowly added to the mixture and the
temperature increased to 98 ◦C, then the mixture was maintained at
this temperature for 15 min. The reaction was terminated by adding
350 mL of distilled water followed by 10 mL of 30% H2O2 solution.
The solid product was separated by centrifugation, washed repeatedly with 5% HCl solution until sulfate could not be detected with
BaCl2, and then washed 3 times with ethanol and dried in vacuum
at 60 ◦C overnight. The resulting GO solution was ultrasound, then
centrifuged to wipe off the unexploited graphite, and diluted in
distilled water at a concentration of 2.5 mg/mL.
A certain amount of FeCl2 was mixed with 2 mL of GO solution, and then the solution was dissolved into 30 mL distilled water.
100 µL of 0.1 M ammonia solution and 4 mmol urea were added
into the mixture and stirred for 2 h then transferred in a Teﬂon
liner capacity, and then the liner was sealed in a stainless steel
autoclave. The autoclave was maintained at 150 ◦C for 2 h and
then allowed to cool at room temperature using cool-water. The
resulting precipitate was separated by ﬁltration, and washed with
distilled water and absolute ethanol for 5 times. Final dark-brown
colored a-Fe2O3/rGO powders were achieved via vacuum-dry in
a vacuum oven at 60 ◦C for 5 h. Various mass ratios of Fe2+ to GO
were employed, the resulting samples were denoted as a-Fe2O30, a-Fe2O3/rGO-1, a-Fe2O3/rGO-2 and a-Fe2O3/rGO-3, according
to the mass ratio of Fe2+ to GO changed from 1:0, to 1:1, 2:1 and

4:1. For comparison, rGO without adding ferrous salt (denoted as
rGO-x) was also prepared under identical conditions.
2.2. Physical characterization
The crystalline properties and morphologies of the mate- rials
were characterized by powder X-ray diffraction (XRD, D8-advanced,
Bruker, 40 kV, 20 mA, Cu Ka radiation), scanning electron
microspcopy (SEM, JEOL, JSM6700F) equipped with an X-ray energy
dispersive spectrometer (EDS) and transmission elec- tron
microspcopy (TEM, JEOL-2010, voltage of 200 kV). The atomic
composition was detected by X-ray photoelectron spectroscopy (XPS,
Perkin Elmer, Al Ka radiation). Raman spectroscopy was performed using a Jobin-Yvon Lab Ram HR800 system.
2.3. Electrochemical measurement
All electrochemical experiments were performed on a CHI720
electrochemical workstation. Linear sweep voltammetry (LSV) and
chronoamperometry (CA) testing were carried out using a threeelectrode cell, including a glassy carbon electrode (GCE) as the
working electrode, an Ag/AgCl electrode as the reference electrode,
and a platinum wire electrode as the counter electrode. Electrochemical impedance spectroscopy (EIS) measurement was carried
out at open circuit potential with an ac perturbation of 5 mV in
the frequency range from 0.01 Hz to 100 kHz using a Solartron
SI1260 Impedance Analyzer. For the working electrodes preparation, required amount of samples was ultrasonically dispersed in
0.081% Naﬁon solution to obtain a 2 mg/mL uniform ink. Then 10 µL
of the ink was dropped on the GCE and dried in the air before the
electrochemical tests. The catalyst loading on the electrode was
maintained as 80 µg cm−2 for all the electrochemical testing.
3. Results and discussion
3.1. Morphology analysis
The morphology of the resulting a-Fe2O3/rGO was investigated
by SEM and TEM (Fig. 1). The SEM image reveals that the hybrid has
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Fig. 1. SEM image (a), EDS elemental mapping analysis (b) and TEM images (c and d) of a-Fe2O3/rGO hybrid (inset of d: high-resolution TEM image of a-Fe2O3/rGO). (e)
Particle size distribution histograms of a-Fe2O3/rGO hybrid. The hybrid used in (a)–(e) is a-Fe2O3/rGO-3 with the mass ratio of Fe2+ to GO 4:1.

a coarse surface because of the incorporation of small crystalline
a-Fe2O3 nanoparticles on the rGO sheets (Fig. 1a). EDS elemental
mapping analysis indicated the presence of Fe, C, and O components
in the hybrid (Fig. 1b). The TEM image (Fig. 1c) clearly shows that
the rGO sheets possess 2D layered structure that mainly consists
of a monolayer or a few-layer carbon nanostructure. A large number of iron oxide nanoparticles with spherical morphologies are
homogeneously anchored to the rGO sheets surface. Close observation (Fig. 1d) reveals that these spherical a-Fe2O3 aggregates,
which consist of much smaller nanoparticles, are approximately
21.65 ±
0.46 nm in diameter as shown in Fig. 1e. High-resolution TEM
observations (inset in Fig. 1d) further indicate that the mean size of
the nanocrystal subunit is approximately 5 nm.
3.2. Physical characterization of ˛-Fe2O3/rGO hybrids

sheets, so the reduction level of GO sheets in the hybrids largely
depended on the amount of the reducing agent Fe2+. This is in accordance with previously reported results of reduced graphite oxide
[10]. Need to point out that, during the hybrids formation, if no
ferrous chloride existed in the mixture, GO can not be completely
reduced and its XRD pattern displays a weak peak at 8.7◦ corresponding to GO structure (Fig. S2). Furthermore, the XPS spectrum
of rGO-x (Fig. S3) show only some of the oxygen-containing functional groups in GO have been removed by hydrothermal process
without adding ferrous chloride, this result is consistent with the
XRD data.
To investigate the chemical states of elements in the hybrids, the
wide-scan XPS was carried out and the results are shown in Fig. 3.
The peaks in the wide-scan XPS spectrum of a-Fe2O3/rGO (Fig. 3a)
correspond to the characteristic peaks of C 1s, O 1s, Fe 2p and Fe

XRD has been used to investigate the phase structure of the
resulting hybrids as shown in Fig. 2. The as-prepared GO displays
a characteristic (0 0 2) peak at 9.4◦ [14]. After the hydrothermal
process, the XRD patterns of all the ferric hybrids with different
mass ratios of Fe2+ to GO exhibit the crystalline a-Fe2O3 diffraction
peaks, which are in good agreement with the standard a-Fe2O3
(JCPDS Card: 33-0664), indicating that in the hybrids a-Fe2O3 has
been successfully synthesized [15,16]. Interestingly, with a higher
concentration of Fe2+ ions in the mixture (a-Fe2O3/rGO-3, the
mass ratio of Fe2+ to GO 4:1), a broad (0 0 2) peak was detected at
approximately 24.2◦, which can be indexed as disordered stacked
graphitic sheets, indicating GO has been reduced to rGO, similar
to the reported previously [17]. However, if the mass ratio of Fe2+
ions to GO was lower than 2:1, the resulting sample was not so
highly reduced in comparison with that of a-Fe2O3/rGO-3, which
can be validated by the content of oxygen-containing carbon in
deconvoluted C 1s XPS spectra of the ferric hybrids (Fig. S1). This
observation suggests that in this hydrothermal approach, Fe2+ ions
were introduced as a reducing agent to reduce graphene oxide

Fig. 2. XRD patterns of GO, a-Fe2O3/rGO-1, a-Fe2O3/rGO-2 and a-Fe2O3/rGO-3.
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Fig. 3. (a) XPS survey spectra of GO and a-Fe2O3/rGO. (b) Fe2p XPS of a-Fe2O3/rGO. The hybrid used in (a) and (b) is a-Fe2O3/rGO-3 with the mass ratio of Fe2+ to GO 4:1.

3p, indicating the existence of carbon, oxygen and Fe elements in the
sample, this result is consistent with EDS elemental mapping
analysis. The XPS spectrum for Fe 2p shown in Fig. 3b exhibits two
major peaks with binding energies at 710.9 and 724.5 eV,
corresponding to Fe 2p3/2 and Fe 2p1/2, respectively, which is characteristic of Fe3+ in Fe2O3 [6].
To further investigate the interaction between components of
a-Fe2O3/rGO hybrids, Raman spectroscopy has been used and the
results are shown in Fig. 4. The ﬁve characteristic peaks in the
range of 200–1000 cm−1 observed in the Raman spectra of the aFe2O3/rGO hybrids can be assigned to two classes of Raman active
vibration modes, A1g modes (225, 498 cm−1) and Eg modes (293, 412,
613 cm−1) of a-Fe2O3 [18]. It is noted that GO exhibits a G band at
1606 cm−1, while the corresponding G bands of a-Fe2O3/rGO
hybrids are 1589, 1584 and 1587 cm−1, respectively. The red shifts
of G band of ferric hybrids can be attributed to the high ability for
recovery of the hexagonal network of carbon in rGO [19], which is
consistent with the decrease of the D/G ratio. In other words, the
red shifts and increases of G bands suggest the reduction of the GO
in the ferric hybrids.
Thus, for the above analyses, it was reasonable to conclude that
GO sheet can be effective reduced to rGO through this hydrothermal
process assisted with a sufﬁcient amount of Fe2+ ion, and in situ
simultaneous the resultant a-Fe2O3 nanoparticles anchored on the
rGO sheets to form a-Fe2O3/rGO hybrids. Yu et al. [10] and Li et al.
[20] also reported the synergistic effects of the reduction of GO by
metal ions to access graphene-based hybrids.

Fig. 4. Raman spectra of GO, a-Fe2O3/rGO-1, a-Fe2O3/rGO-2 and a-Fe2O3/rGO-3.

3.3. Electrochemical measurement
The electrochemical performance of the as-prepared materials
was evaluated by linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS). Fig. 5 shows that as the
mass ratio of Fe2+ to GO increases, a-Fe2O3/rGO-3 exhibits a notable
catalytic reduction current peak at −0.22 V vs. Ag/AgCl and no
electrochemical response in the absence of H 2O 2, indicating catalytic H2O2 reduction. By contrast, independent a-Fe2O3-0 and rGO
exhibited extremely low activities for H2O2 reduction under identical
conditions. These observations show that a-Fe2O3/rGO-3 has notable
catalytic activity for H2O2 reduction. An electrocat- alytic process
involves adsorption phenomena as well as several reactions at the
electrode/electrolyte interface. Thus, the surface accessibility of the
nanocomposites is crucial in maintaining their high electroactivities.
Here, the a-Fe2O3 loading on the graphitic sheets efﬁciently
prevented the graphene sheet aggregation and consequently
increase the electrochemical active surface area. In addition, the
good electrical contact and the efﬁcient path- way for charge
transfer between a-Fe2O3 and rGO make the nanostructured aFe2O3/rGO composite promising for the use as electrochemical
sensor.
EIS was employed to probe the electron transfer kinetics of the
ferric hybrids. As shown in Fig. 6, a semicircular and a linear are
observed for these electrodes, the semicircular corresponding to the
charge transfer resistance, and the linear portion corresponding to
the diffusion limited process [21]. Obviously, the diameter of

Fig. 5. LSV curves of a-Fe2O3-0, a-Fe2O3/rGO-1, a-Fe2O3/rGO-2, a-Fe2O3/rGO-3 and
rGO modiﬁed GCEs in 0.1 M KOH N 2 saturated solution in the presence or absence of
3.0 mM H 2O 2.
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Fig. 6. Nyquist plots of a-Fe2O3-0, a-Fe2O3/rGO-1, a-Fe2O3/rGO-2, a-Fe2O3/rGO-3, and
rGO at the open potential.

the semicircular for a-Fe2O3/rGO-3 is the smallest among those
hybrids and almost similar with that of rGO. This indicates that with
the mass ratio of Fe2+ to GO increasing, GO was effectively reduced
to rGO, the electron transfer performance of the ferric hybrid was
signiﬁcantly enhanced, which could make the catalytic reduction of
H2O2 much easier and more efﬁciently than a-Fe2O3 without rGO
supports.
Fig. 7a presents a typical steady response with successive addition of H2O2 at −0.22 V. A quick amperometric response is observed
within 2 s at 95% steady state current (inset of Fig. 7a). This kind
of H2O2 sensor exhibits a wide linear relationship in the
range from 5.0 to 4495.0 µM (R = 0.9998) with a high sensitivity of
126.9 µA cm−2 mM−1 (Fig. 7b). In addition, the detection limit is

Fig. 7. (a) Steady-state response of the a-Fe2O3/rGO to successive injection of H 2O2
into 0.1 M KOH N2 saturated solution; (b) the calibration curve of the reduction
currents versus the concentrations of H 2O2. The hybrid used in (a) and (b) is aFe2O3/rGO-3 with the mass ratio of Fe2+ to GO 4:1.

Fig. 8. (a) The long-term stability of a-Fe2O3/rGO sensor with 3.0 mM H 2O2 in 0.1 M
KOH solution at the potential of −0.22 V. (b) Current–time curve for the a-Fe2O3/rGO
exposed to H 2O2 (0.1 mM), UA, AA, DA (0.05 mM), and Glu (0.5 mM). The hybrid used
is a-Fe2O3/rGO-3 with the mass ratio of Fe2+ to GO 4:1.

calculated to be about 1.0 µM at the signal-to-noise ratio of 3. The
relative standard deviation (RSD) of the current response to 3.0 mM
H2O2 is 3.2% for 6 successive measurements.
Comparative results of the performance of this fabricated
biosensor as well as other Fe 2O3-based biosensor in H2O2 detection
are listed in Table 1. The detection limit, linear calibration range, and
sensitivity of the proposed sensor were either comparable with or
higher than those provided by other Fe2O3 or Fe2O3-hybrid- modiﬁed
electrodes.
The catalytic stability of the hybrid is evaluated by studying its
steady state response with time. The chronoamperometry experiments under −0.22 V are shown in Fig. 8a, the addition of 3.0 mM
H2O2 in stirring 0.1 M KOH solution exhibits a stable amperometric
response after running for 3000 s with only 7% activity decay. The
sensing stability of the a-Fe2O3/rGO hybrid was further explored by
continuous detecting H2O2 every day for two weeks. The recorded
amperometric response of the hybrid towards 3.0 mM H2O2 has
almost no change over two weeks. These results demonstrated
that this a-Fe2O3/rGO hybrid biosensor is highly stable and efﬁcient at H2O2 detection. The electrode-to-electrode reproducibility
was checked by using the amperometric response of 3.0 mM H2O2.
A total of seven freshly prepared modiﬁed electrodes were tested
and the RSD was found to be 2.6%. It is clear that the a-Fe2O3/rGO
hybrid show good long-term stability and excellent reproducibility
for H2O2 detection.
Several typical interferences including ascorbic acid (AA), uric
acid (UA), dopamine (DA), glucose (Glu) are chosen to test the selectivity in which no apparent interferences are observed (Fig. 8b).
Based on the above experiment results, this a-Fe2O3/rGO hybrid
has great potential to achieve high sensitivity and stability biosensors.
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Table 1
Comparison of analytical characteristics of Fe2O3-based biosensor for the H2O2 detection.
Conﬁguration of biosensor

Sensitivity (µA cm−2 mM−1 )

Detection limit (µM)

a-Fe2 O3 nanorod arrays
a-Fe2O3/CoO
PB–Fe2O3
-y-Fe2O3–LaB6
Amorphous Fe2O3
-y-Fe2 O3 nanoparticles

77.3
–
7.3
–
–
58
126.9

0.2
0.1
7.0
0.06
20
2.78
1.0

a-Fe2O3/rGO

4. Conclusion
a-Fe2O3 nanoparticles with an average size of 21 nm were successfully decorated on the rGO sheets through a simple, one-step,
hydrothermal method. In this hydrothermal process, Fe2+ ions were
introduced as a reducing agent, and GO sheets were effectively
reduced to rGO in the presence of a sufﬁcient amount of Fe2+ ions.
The resultant a-Fe2O3 nanoparticles simultaneously anchored onto
the rGO sheets in situ to form an a-Fe2O3/rGO hybrid. The aFe2O3/rGO hybrid exhibited excellent electrocatalytic activity for
H2O2 electrochemical reduction and is thus a promising sensor
material.
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